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INTRODUCTION ._ 

F i r e f l o o d i n g  is t h e  p rocess  of  i g n i t i n g  t h e  hydrocarbons  i n  t h e  fo rma t ion  a t  t h e  
s i t e  of an i n j e c t i o n  w e l l ;  t h i s  i s  fo l lowed by p ropaga t ion  of t h e  combustion f r o n t  
th rough t h e  r e s e r v o i r  t o  p roduc ing  wells. Combustion i s  ma in ta ined  by t h e  Lnjec t ion  
of a i r  and a s  t h e  f i r e - f r o n t  moves through t h e  r e s e r v o i r ,  i t  v a p o r i z e s  o i l  and the  
format ion  wa te r .  These a r e  moved ahead of t h e  f r o n t  i n  a gas  phase ,  t hen  condensed 
in c o o l e r  p o r t i o n s  of t h e  r e s e r v o i r  and e v e n t u a l l y  produced from a p roduc t ion  wel l .  
The f u e l  f o r  combustion is  s u p p l i e d  by t h e  heavy r e s i d u a l  m a t e r i a l  which i s  not  
vapor ized  by t h e  f i r e - f r o n t .  T h i s  m a t e r i a l  is g e n e r a l l y  r e f e r r e d  t o  as coke and is 
i e p o s i t e d  on t h e  rock  ma t r ix .  

Sombustion can  proceed  i n  two d i r e c t i o n s :  i n  t h e  most commonly used  p r o c e s s ,  t h e  
:ombustion zone advances i n  t h e  same d i r e c t i o n  a s  t h e  a i r  f low and i s  known as  
"forward combustion"; i n  t h e  second method, t h e  combustion f r o n t  advances i n  t h e  
J i r e c t i o n  o p p o s i t e  t o  t h e  f low o f  a i r  and is c a l l e d  " r eve r se  combustion". Forward 
-ombustion bu rns  t h e  l e a s t  d e s i r a b l e  f r a c t i o n  of t h e  o i l ,  l e a v e s  a c l e a n  format ion  

5ehind  and i s  a n  e f f i c i e n t  h e a t  g e n e r a t i n g  p rocess .  I ts  main drawback i s  t h a t  t h e r e  
must b e  s u f f i c i e n t  m o b i l i t y  f o r  t h e  vapor i zed  o i l  and w a t e r  t o  be  produced a f t e r  
chey have  condensed ahead of t h e  f i r e f r o n t .  I n  r e v e r s e  combustion, t h e  produced 
l i q u i d s  a r e  produced through t h e  hea ted  p o r t i o n  of t h e  r e s e r v o i r .  
p rocess  i s  a n  i n t e r m e d i a t e  f r a c t i o n  of t h e  o r i g i n a l  o i l  and t h e  coke  remains i n  t h e  
ma t r ix .  The p rocess  a l s o  produces  c r u d e  o i l  which c o n t a i n s  more oxygen compounds 
ihan  c rude  produced w i t h  forward  combustion. Because spontaneous  i g n i t i o n  can occur 
t h e  process  i s  d i f f i c u l t  t o  c o n t r o l .  

In t h e  forward combustion p r o c e s s ,  w a t e r  has  been  i n j e c t e d  wi th  t h e  a i r  t o  remove 
h e a t  from t h e  h o t  rocks  and t o  reduce  t h e  amount of air  r equ i r ed .  A number of 
i n v e s t i g a t i o n s  of d i f f e r e n t  t y p e s  of w e t  combustion have  been  made (1-3). These 
i n v e s t i g a t o r s  have  c l a s s i f i c a t i o n s  f o r  t h i s  p rocess  accord ing  t o  t h e  amount of water 
be ing  i n j e c t e d .  In t h i s  pape r  w e  w i l l  u s e  Burger and  Sahuguet ' s  (1) nomenclature.  
They c l a s s i f i e d  t h e  t y p e s  of wet combustion i n t o  normal ,  incomple te  and supe r  wet. 
I n  normal w e t  combustion t h e  w a t e r  e v a p o r a t i o n  f r o n t  is behind  t h e  f i r e f r o n t  and a l l  
t h e  coke is burned .  
t h e  combustion zone b u t  n o t  all t h e  coke is burned. In bo th  of t h e s e  p rocesses  
superhea ted  steam passes  through t h e  f i r e f r o n t .  Super wet combustion t a k e s  p l ace  
when enough w a t e r  e n t e r s  t h e  combustion zone t o  cause  t h e  d i sappea rance  of t h e  peak 
combustion t emperafure .  

The o b j e c t  of t h i s  s tudy  i s  t o  p r e s e n t  t h e  d a t a  from t h e  a n a l y s i s  of  t h e  e f f l u e n t  of 
a dry  combustion test and a wet combustion t e s t  performed on o i l  s ands  from t h e  
Athabasca O i l  Sands d e p o s i t .  
used t o  run  t h e  tests, as w e l l  as a d e s c r i p t i o n  of t h e  a n a l y t i c a l  methods used t o  do 
t h e  e f f l u e n t  a n a l y s i s  and a d i s c u s s i o n  of t h e  r e s u l t s  ob ta ined .  

The f u e l  f o r  t h i s  

I n  incomple t e  combustion t h e  w a t e r  evapora t ion  f r o n t  i s  behind 

The pape r  g i v e s  a b r i e f  d e s c r i p t i o n  of t h e  appara tus  

- EXPERIMENTAL APPA~ATUS 

A schemat ic  d iagram of t h e  combustion t u b e  i s  shown i n  F i g u r e  1. 
tube  is c o n s t r u c t e d  from a 1.83 meter l e n g t h  of 10.2 cm d iame te r  600 Incone l  tub ing  
of 1.067 nun w a l l  t h i c k n e s s .  
t empera tu res  a s  h igh  as 115OoC is equipped wi th  h e a t e r s  and thermocouples;  t h e  

The combustion 

The combustion tube ,  which is des igned  t o  wi ths tand  
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h e a t e r s  a r e  c o n t r o l l e d  so  t h e  t trbe i s  a h l e  t o  approach a d i a b a t i c  c o n d i t i o n s .  
a d i a b a t i c  t ube  is p lac rd  i n  a p r e s s u r e  jac!.et w l t h  a p r e s s u r e  r a t i n g  of 6 ,595 P a .  

The fo l lowing  v a r i a b l e s  a r e  measured throughout  a run: p r e s s u r e  drop ,  t e n p e r a t u r e  
a l o n g  t h e  tube ,  volume of  i n j e c t e d  a i r  and w a t e r ,  composi t ion  of  produced g a s ,  and 
volumes of produced gas ,  o i l  and water .  A complete d e s c r i p t i o n  of t h e  equipment can 
be  found i n  two o t h e r  s o u r c e s  (4-5).  

The 

EXPERIMEmAL PROCEDURE 

A sample of Athabasca o i l  s ands  w a s  manually tamped i n t o  t h e  tube .  
removed every 7.5 t o  15.25 c m  t o  de t e rmine  f l u i d  s a t u r a t i o n .  
packed ,  i t  was p laced  i n  t h e  j a c k e t  and brought  up t o  t h e  d e s i r e d  p r e s s u r e .  I n  
o r d e r  t o  g e t  t h e  o i l  t o  flow it vas  necessary  t o  pack samples w i t h  h igh  w a t e r  s a t u r a -  
t i o n  o r  t o  hea t  t h e  combustion tube  t o  about  100°C. 
t u b e  was ob ta ined ,  t h e  a i r  i n j e c t i o n  end was hea ted  t o  about  3OO0C whi l e  f lowing  
n i t r o g e n  through t h e  pack. 
f low was switched t o  a i r  and t h e  f i r s t  zone allowed t o  reach  i t s  peak tempera ture .  
From t h i s  t ime on, a i r  and wa te r  were i n j e c t e d .  During t h e  run  a l l  of t h e  v a r i a b l e s  
p r e v i o u s l y  mentioned were recorded .  The t u b e  was allowed t o  c o o l  a t  t h e  end of t h e  
r u n  and was then depressured .  
s e c t i o n s .  

Samples were 
A f t e r  t h e  tube  was 

A f t e r  conmunication t t ,rough t h e  

When t h e  i g n i t i o n  t empera tu re  was l eached ,  t h e  n i t r o g e n  

The t u b e  was removed and unpack(,d i n  7.5 t o  15 .25  cm 
Each sample removed was ana lyzed  f o r  f l u i d  s a t u r a t i : n  and coke con ten t .  

GAS ANALYSIS 

'The produced gas was ana lyzed  on a Hcwlett-Packard 5830 t h r e e  rolumn, d u a l  TC, PID 
d e t e c t o r  gas chromatograph. The gas was ana lyzed  f o r  t he  fol1:wing components: 
oxygen, n i t rogen ,  carbon monoxide, carbon d i o x i d e ,  hydrogen, methane, e t h y l e n e ,  
e t h a n e ,  propylene ,  propane, i so -bu tane ,no rma l  bu tane ,  iso-pent; .ne,  normal pentane ,  
normal  hexane, hydrogen s u l f i d e ,  ca rbony l  sulfide, and s u l f u r  Cioxide.  

OIL ANALYSIS_ 

The produced o i l  and wa te r  samples  were s e p a r a t e d  by h e a t i n g  and h igh  speed c e n t r i -  
fug ing .  
h e a t i n g  t h e  sample inc reased  t h e  d e n s i t y  d i f f e r e n c e  between t h e  o i l  and water .  
t h e  o i l  was sepa ra t ed  from the  w a t e r ,  t h e  fo l lowing  measurements were performed: 
weight  pe rcen t  carbon,  hydrogen, n i t r o g e n  and s u l f u r ;  v i s c o s i t y  and d e n s i t y  of t h e  
o i l ;  weight percent  a s p h a l t e n e s ;  and a vacuum d i s t i l l a t i o n  on t h e  a s p h a l t e n e  f r e e  
o i l .  

The weight pe rcen t  carbon,  hydrogen and n i t r o g e n  were measured u s i n g  a Hewle t t -  
Packard  Model185,  C ,  H ,  N-analyzer.  
measured t h e  concen t r a t ion  of t h e s e  compounds us ing  a thermal  conduct iv igy  d e t e c t o r .  
The weight pe rcen t  s u l f u r  was de te rmined  u s i n g  a Horiba Model SLFA 200 t o t a l  s u l f u r  
a n a l y z e r  which employs x-ray a b s o r p t i o n  t o  measure t h e  s u l f u r  concen t r a t ion ,  

V i s c o s i t y  was measured u s i n g  a Wel ls -Brookf ie ld  microviscometer  which r e l a t e s  s h e a r  
stress t o  t h e  to rque  over  a c o n i c a l  s u r f a c e .  Dens i ty  was measured wi th  a PAAR 
d i g i c a l  dens i ty  meter which de termines  d e n s i t y  by measuring t h e  v a r i a t i o n s  of t h e  
n a t u r a l  frequency of a hollow o s c i l l a t o r  when i i q u i d s  o r  gas  were in t roduced  i n t o  i t .  

The nspha l t ene  con ten t  was de te rmined  by t a k i n g  a proximate ly  10 gms of o i l  sample,  
adding  100 m l  of pentane  and mixing t h e  two a t  20 C. 
were  f i l t e r e d  out  and d r i e d  a t  100 C. The pentane  s o l u b l e  p o r t i o n  was t h e n  
d i s t i l l e d  i n t o  t h r e e  f r a c t i o n s .  
room tempera ture  by r educ ing  t h e  p r e s s u r e  t o  1 . 2  mm of  Hg. 
hea ted  t o  200°C a t  a p r e s s u r e  of 1 .2  mm of Ilg. 
d e f i n e d  a s  t h e  middle o i l  and t h e  r e s i d u e  was de f ined  a s  t h e  heavy o i l .  

Samples were hea ted  t o  8OoC, then  c e n t r i f u g e d  a t  speeds  of up t o  19,500 rpm; 
Once 

The a n a l y z e r  ox id i zed  C ,  H 2 ,  and N and 

g The p r e c i p i t a t e d  a s p h a l t e n e s  

F i r s t ,  t h e  pen tane  and l i g h t  o i l  were removed a t  
The sample was then  

The p o r t i o n  d i s t i l l e d  o f f  w a s  
Since  many 
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of t h e  samples were s m a l l ,  i t  was necessa ry  t o  develop a s p e c i a l  d i s t i l l a t i o n  

used. A cumplete d e s c r i p t i o n  of  t h e  procedure  and equipment is i n  a paper  by 
Hayashi tan i  et a l .  ( 6 ) .  
m i d d l e  o i l  u s ing  t h e  ASTH-DZ887 procedure .  

I n  add i t ion  t o  o i l  samples ob ta ined  from t h e  e f f l u e n t ,  samples were ob ta ined  from 
t h e  i n i t i a l  m a t e r i a l  p l aced  i n  t h e  combustion tube  and from t h e  t u b e  a f t e r  t h e  burn 
w a s  completed. The o i l  was e x t r a c t e d  from t h e  sand us ing  t h e  Dean S t a r k  method ( 7 ) .  
Following t h e  e x t r a c t i o n ,  t o l u e n e  w a s  removed by h e a t i n g  t h e  sample t o  100°C under a 
p r e s s u r e  of 280 mm o f  Hg. The t y p e  Of tests on these  samples depended on t h e  amount 
of sample ob ta ined  from t h e  e x t r a c t i o n .  

i n  which t o  do t h e  d i s t i l l a t i o n s .  F igu re  2 i s  a photograph of t h e  dev ice  

A s i m u l a t e d  d i s t i l l a t i o n  cu rve  was then  ob ta ined  on t h e  

MATER ANALYSIS -- 
The water  s e p a r a t e d  from t h e  produced o i l  was f i l t e r e d  us ing  20 micron f i l t e r  paper 
t o  remove most of t h e  suspended s o l i d s .  The fo l lowing  tests w e r e  t h e n  performed: 
pH; t o t a l  o rgan ic  ca rbon ;  po tass ium,  ca lc ium,  sodium, magnesium, bar ium,  i r o n ,  
s u l f a t e ,  c h l o r i d e ,  ca rbona te  and b i c a r b o n a t e  concent r . i t ions .  

The pH v a s  determined u s i n g  a Brinkmann Model 104 m e t p r .  T o t a l  o r g a n i c  carbon was 
determined us ing  a Beckmann Nodel 915A t o t a l  o r g a n i c  -arbon a n a l y z e r .  
t h e  ins t rument  i n v o l v e s  i n j e c t i o n  o f  aqueous samples i n t o  two d i f f e r e n t  combustion 
t u b e s  us ing  a i r  as t h e  c a r r i e r  gas .  In t h e  t o t a l  car:on channe l ,  a h igh  tempera ture  
(95OOC) fu rnace  h e a t s  a combustion t u b e  packed wi th  a c o b a l t  oxide-impregnated 
a s b e s t o s  f i b e r .  The oxygen i n  t h e  carrier,  t h e  e1eva:ed t empera tu re ,  and t h e  ca ta -  
l y t i c  e f f e c t  of t h e  packing  r e s u l t  i n  o x i d a t i o n  of boch o rgan ic  and i n o r g a n i c  
carbonaceous m a t e r i a l  to CO and steam. 

I n  t h e  ino rgan ic  carbon channe l ,  a low tempera ture  (150OC) fu rnace  h e a t s  a combus- 
t i o n  tube c o n t a i n i n g  q u a r t z  c h i p s  we t t ed  wi th  85% phozphor ic  a c i d .  The a c i d  
l i b e r a t e s  CO and steam from i n o r g a n i c  ca rbona te s .  Opera t ion  tempera ture  i s  
s u f  f ic ien t ly’h igh  f o r  t h e  d e s i r e d  r e a c t i o n ,  but i s  s u b s t a n t i a l l y  below t h a t  
r e q u i r e d  t o  o x i d i z e  o r g a n i c  m a t t e r .  

The e f f l u e n t  from each  combust ion  t u b e  passes  through t h e  a s s o c i a t e d  condenser  f o r  
removal of condensed steam, and f lows  t o  t h e  Sample Select Valve. Th i s  va lve  
d i r e c t s  t he  e f f l u e n t  from a s e l e c t e d  channel  through a f i l t e r  t o  t h e  Model 215A 
I n f r a r e d  Analyzer.  Here t h e  CO formed dur ing  passage  of t he  sample through t h e  
combustion tube  r e g i s t e r s  a t r z n s i e n t  peak on t h e  meter and t h e  r e c o r d e r  c h a r t .  

The me ta l  i o n s  c o n c e n t r a t i o n  w a s  measured us ing  a Pe rk in  E l m e r  model 303 a tomic  
abso rp t ion  spec t ropho tomete r ,  which i s  equipped t o  do bo th  f lame and f l ame les s  
a n a l y s i s .  

S u l f a t e s  were measured w i t h  a s t a n d a r d  t u r b i d i m e t r i c  method. 
determined wi th  a Bausch and Lomb S p e c t r o n i c  710. Ch lo r ide ,  ca rbona te ,  and b i ca r -  
bona te  concen t r a t ions  were de termined  by t i t r a t i o n .  A s i l v e r  n i t r a t e  t i t r a t i o n  
u s i n g  a n  Orion s o l i d  s tate c h l o r i d e  s p e c i f i c  i o n  e l e c t r o d e  was used  f o r  ch lo r ides .  
The amounts of ca rbona te s  and b i c a r b o n a t e s  were ob ta ined  by t i t r a t i n g  0.02 N, H2S04 
t o  a pH end p o i n t  of between 4.2 t o  4.5. 

Opera t ion  of 

2 

The c o n c e n t r a t i o n  was 

DISCUSSION OF RESULTS 

T h i s  paper p r e s e n t s  t h e  r e su l t s  o f  two combustion tube  exper iments .  
t es t  r e f e r r e d  t o  as Run 1, 1.14 me te r s  of t h e  1.83 meter t ube  were burned ,  and then 
t h e  tube  was cooled .  The m a t e r i a l  w a s  then  removed and t h e  o i l  e x t r a c t e d  us ing  the  
Dean S t a r k  method. I n  t h e  second run  (Run 2) t h e  tube  w a s  comple te ly  burned through, 

In t h e  f i r s t  
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and t h e  a n a l y s i s  of t h e  e f f l u e n t  was r epor t ed .  Tables  1 and 2 p r e s e n t  t h e  proper- 
t i es  of t h e  m a t e r i a l  i n  t h e  conbus t ion  tube  f o r  t h e s e  t w o  runs .  Tab le  3 p r e s e n t s  
t h e  average  p r o p e r t i e s  and run  cond i t ions .  
t e s t  i n  t h e  supe r  w e t  r eg ion .  
would b e  s u f f i c i e n t  o i l  ahead of  t h e  f i r e - f r o n t  f o r  t h e  a n a l y s i s .  Run 2 con ta ined  
a lower concen t r a t ion  f o r  ease of o p e r a t i o n s  w i t h  wet combustion. Tables  4 and 5 
p r e s e n t  t h e  o i l  a n a l y s i s  d a t a  from t h e  two runs .  Table  6 and 7 p r e s e n t  t h e  simu- 
l a t e d  d i s t i l l a t i o n  d a t a  on Runs 1 and 2 .  

In Run 1 t h e  r e s i d u a l  o i l  a n a l y s i s  d a t a  shows a r educ t ion  of t h e  l i g h t  ends ,  an 
i n c r e a s e  i n  t h e  a spha l t ene  con ten t  of t h e  o i l ,  and an i n c r e a s e  i n  coke c o n t e n t  a s  
t h e  f i r e - f r o n t  i s  approached from t h e  product ion  end of  t h e  tube.  When t h e  f i r e  
f l o o d  w a s  s topped  t h e  f r o n t  was 1.14 m a long  t h e  tube.  F i g u r e  3 shows t h e  tempera- 
t u r e  p r o f i l e  a t  t h i s  t ime. The coke c o n t e n t  a t  t h i s  p o i n t  was 1.84 weight pe rcen t .  
A t  t empera tures  above 45OoC t h e  o i l  w a s  a l l  vapor ized .  Coke s t a r t e d  t o  form a t  
tempera tures  i n  t h e  range of 20OoC. Ahead of t h e  f i r e - f r o n t  t h e  amount of  o i l  
g r a d u a l l y  inc reased  t o  a maximum v a l u e  of 10.25 weight p e r c e n t  a t  1.562 m. The 
d a t a  shows t h a t  t h e  oxygen con ten t  of t h e  c r u d e  o i l  i n c r e a s e s  s i g n i f i c a n t l y  i n  
f r o n t  of t h e  f i r e  f r o n t .  Some of t h e  low t empera ture  o x i d a t i o n  r e a c t i o n s  could 
have  occurred  a f t e r  t h e  f i r e  s topped  burn ing .  During t h e  b l e e d  down the  a i r  i n  t h e  
t u b e  was passed  through t h i s  hea ted  o i l .  The d a t a  shows a l l  t h e  o i l  i n  t h e  tube  
had been s i g n i f i c a n t l y  changed from t h e  i n i t i a l  bitumen. The s u l f u r  con ten t  of  o i l  
d i r e c t l y  ahead of t h e  f i r e  f r o n t  was reduced. 

The a n a l y s i s  of t h e  produced o i l  from Run 2 shows t h a t  t h e  p roduc t ion  w a s  g radua l ly  
upgraded. The weight p e r c e n t  a spha l t enes  decreased  from 20.0 t o  5.6 weight pe rcen t .  
The d i s t i l l a b l e  p o r t i o n  i n c r e a s e d  from 8.6 t o  43.7 weigh t  pe rcen t .  The r e s i d u e  
f r a c t i o n  decreased  from 71.4 t o  50.7 weight  pe rcen t .  The H / C  a tomic  r a t i o  i n c r e a s e d  
from 1.54 t o  1.94. The s u l f u r  con ten t  decreased  from 4.62 t o  2.429 weight pe rcen t .  
The v i s c o s i t y  decreased  from 400 t o  5.5 c p  a t  8OoC. 
1.0155 t o  0.9342 gm/cm3 a t  25OC. The s imula t ed  d i s t i l l a t i o n  d a t a  sho?s  t h a t  w h i l e  
t h e  amount of t h e  d i s t i l l a b l e  f r a c t i o n  inc reased  w i t h  t ime,  t h e  amount d i s t i l l a b l e  
a t  any tempera ture  decreased  wi th  t i m e .  

Tab le  8 p r e s e n t s  t h e  wa te r  a n a l y s i s  d a t a .  The pH showed an i n i t i a l  i n c r e a s e  from 
4.63 t o  7 . 0 9 ,  t hen  decreased  t o  a low of 1.15. Sodium decreased  from 690 t o  90 mg/ l .  
Potassium inc reased  from 56 t o  270, then dec reased  t o  20 mg/l. Calcium inc reased  
from 220 t o  340 and then  decreased  t o  26 mg/l b e f o r e  a s l i g h t  i n c r e a s e .  Magnesium 
decreased  from 92 t o  18 mg/l .  
180 and r o s e  t o  290 mg/l a t  t h e  end of  t h e  run. Ch lo r ide  i n c r e a s e d  from about  180 
t o  3,500,  then  decreased  f o r  t h e  remainder of t h e  run. S u l f a t e  c o n c e n t r a t i o n  
appeared t o  i n c r e a s e  s i g n i f i c a n t l y  wi th  a pH below 2. I t  s t a r t e d  ou t  a t  a v a l u e  
of 3 ,720 ,  decreased  t o  230,  and then  i n c r e a s e d  t o  a h igh  of 14,000 mg/l.  The pH of 
t h e  water f o r  most of t h e  r u n  i n d i c a t e d  t h a t  ca rbona te s  and b i ca rbona te s  were n o t  
p re sen t .  We b e l i e v e  t h a t  t h e  low pH v a l u e s  are caused  by S u l f u r  and C02 r e a c t i o n s  
p l u s  t h e  f o r n a t i o n  of some o rgan ic  a c i d s .  S u l f a t e  c o n c e n t r a t i o n  i n c r e a s e s  i n d i c a t e  
t h a t  s u l f u r  i s  r e a c t i n g  t o  form s u l f u r i c  a c i d .  The amount of i n o r g a n i c  carbon 
from the  TOC a n a l y s i s  i n d i c a t e s  t h a t  t h e r e  is a p o s s i b i l i t y  of some ca rbon ic  a c i d  
be ing  p resen t .  

The TOC a n a l y s i s  shows hydrocarbon c o n c e n t r a t i o n s  a s  h i g h  a s  7,200 mg/l. 
made no e f f o r t  t o  i d e n t i f y  t h e  types  of hydrocarbon which a r e  d i s so lved  i n  t h e  
produced w a t e r .  The t o t a l  d i s so lved  s o l i d s  ranged from a low of 0.58 t o  a h igh  of 
3.01 weight  pe rcen t .  

Tab le  9 p r e s e n t s  t h e  ave rage  gas a n a l y s i s  f o r  t h e  two runs. Both of t h e s e  runs  
show t h a t  t h e  only s u l f u r  gas  produced w a s  H 2 S .  
i n j e c t i o n  of wa te r  hydrogen was gene ra t ed .  

Run 1 was dry w h i l e  Run 2 was a w e t  
Run 1 had a h igh  bitumen s a t u r a t i o n  so  t h a t  t h e r e  

The d e n s i t y  decreased  from 

I r o n  inc reased  from 50 t o  1 ,200  then  decreased  t o  

We have 

Th i s  cu rve  fo l lows  t h e  s u l f a t e  cu rve  very  c lose ly .  

Run 2 d a t a  i n d i c a t e  t h a t  w i th  t h e  
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CONCLUSIONS 

From t h e  r e s u l t s  of t h e  a n a l y s i s  o f  t h e  p r o d u c t s  from t h e s e  two r u n s  i t  was concluded 
t h a t  thermal  c r a c k i n g ,  combustion gas r e a c t i o n s ,  and hydrogenat ion  caused t h e  
fo l lowing:  

1. A r e d u c t i o n  i n  t h e  s u l f u r  c o n t e n t  of t h e  produced o i l .  

2. An upgraded o i l  w i t h  a h i g h e r  H/C r a t i o ,  lower d e n s i t y ,  lower  v i s c o s i t y ,  and 
lower a s p h a l t e n e  c o n t e n t .  

3. The s u l f u r  removed from t h e  o i l  is mainly produced as a c i d ,  water, and a s m a l l  
amount of H S. 

The produced w a t e r  c o n t a i n s  up t o  7,200 mg/l  of d i s s o l v e d  o r g a n i c  carbon.  

2 
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Sample 
No. 

c o a r s e  sand 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 

c o a r s e  sand 

TOTAL 

S a n p l e  
NO. 

c o a r s e  sand 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
1 4  
15 
1 6  

c o a r s e  sand 

TOTAL 

Mid P o i n t  
Depth 

cm. 

8 .89  
24.93 
38.58 
51.12 
62.71 
74.22 
86.36 
99.22 

112.72 
126.69 
139.70 
152.88 
167.64 
178.28 
181.85 

Mid P o i n t  
Depth 

Cm. 

8.26 
21.12 
30.64 
40.96 
51.12 
60.17 
79.22 
79.06 
88.43 
98.43 

109.225 
119.38 
129.86 
140.97 
152.08 
164.78 
173.83 
179.23 

TABLE 1 

I n i t i a l  Sand Pack P r o p e r t i e s  
Run 1 

Weight W t .  % 

gms H2° 

3,172.5 6.30 
1,475.0 2.20 
2,078.0 1.54 
1,830.2 2.85 
1 ,619 .1  1.15 
1,936.0 2.20 
1,893.0 1.11 
2,110.9 2.90 
1 ,927 .3  1.04 
1 ,859 .1  1.18 
1,760.6 1.57 
1,922.8 2.83 
2,241.2 2.17 

831.0 0.98 
438.6 6.30 

W t .  % 
Bitumen 

0.0 
13.43 
12.44 
12.86 
12.46 
12.66 
13.11 
11.98 
11.96 
12.86 
12.70 
11.91 
12.17 
12.96 

0.00  

Run 2 

Weight W t .  % 

gms * H2° 

2,492 11.0 
1 ,553  8.0 
1,504.5 9 .8  
1 ,611  8.7 
1 ,514  11.7 
1,550 1 0 . 3  
1 ,539  9.8 
1,542 8.9 

1 ,553  10.6 

1 , 4 9 3  9.6 

1 ,516  10.0 

1 ,543  9.7 

1,538 9.5 
1 ,518  9.4 
1,554 9.0 
2,054 10.0 

498 10.0 
1 ,425  4 .0  

TABLE 2 

I r i t i a l  Sand Pack P r o p e r t i e s  

W t .  % 
Bitumen 

0.0 
6.5 
7.0 
6.9 
6.2 
6.7 
6.5 
6 .5  
6.9 
7.3 
8.5 
6 . 1  
6.6 
6 .6  
5 .5  
6.9 
6.9 
0.0 
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W t .  

g m  * 

200.0 
32.5 
32.0 
52.2 
18.6 
42.6 
21.0 
61.2 
20.0 
21.9 
27.6 
54.4 
48.6 
8.1 

27.6 

668.3 

H2° 

__ 

W t .  

g m s  . 
274.1 
136.7 
147.4 
140.2 
177.1 
159.7 
150.8 
137.2 
151.6 
164.6 
149.7 
143.3 
146.1 
142.7 
139.9 
205.4 

49.8 
57.0 

2,673.3 

2O 

W t .  
Bitumen 

gm. 

0.0 
1 9 8 . 1  
258.5 
235.3 
201.7 
245.1 
248.2 
252.9 
230.5 
239.1 
223.6 
229.0 
272.8 
107.7 

0.0 

2,743.0 

W t  . 
B i  t m e n  

gms . 
0.0 

100.9 
105.3 
111.2 

93.9 
103.9 
100.0 
100.2 
104.6 
113.4 
131.2 

91.1 
101.5 
100 .2  

85.5 
141.7 

34.4 
0.0 

1,619.0 



TABLE 3 

Average P r o p e r t i e s  and Run Condi t ions  

Weight of coa r se  sand - gms. 
Weight of w a t e r  i n  c o a r s e  sand  - gms. 
Weight of o i l  sands - gms. 
Weight of bitumen i n  o i l  s ands  - 5 s .  
Weight of w a t e r  i n  o i l  s a n d s  - gms. 
Weight pe rcen t  bitumen i n  o i l  s ands  - % 
Weight percent  water i n  o i l  sands  - % 
P o r o s i t y  - % 
Water S a t u r a t i o n  - % 
Bitumen S a t u r a t i o n  - % 
Run P r e s s u r e  - K Pa  
A i r  Flux - m3/m2-sec 
Water air r a t i o  m3/m3 

I n i t i a l  P r o p e r t i e s  of Bitumen: 
Dens i ty  a t  25OC gm/cm3 
Viscos i ty  a t  85Oc cp  
Weight percent  C. rbon 
Weight percent  H: drogen 
Weight percent  S1 , l fur  
Weight pe rcen t  Ni t rogen  
Weight percent  0,ygen by D i f f e r e n c e  
Weight percent  Asphal tenes  
Weight percent  D i s t i l l e d  
Weight pe rcen t  Residue 

S imula ted  D i s t i l l a t i o n  of D i s t i l l e d  F r a c t i o n  

Temperature OC 

203 
232 
245 
277 
300 
323 
345 
368 
3 9 1  
414 

Run 1 

3 , 6 1 1 . 1  
227.6 

23,484.2 
2 ,743.0  

668.3 
11 .68  

2 .85  
39.23 
11 .7  
48 .0  

5,860 
5.95 10-3 

Dry 

1.0135 
400.00 

8 2 . 9 1  
10 .66  

4.62 
0.57 
1 . 2 4  

20.0 
8.6 

71 .4  

Run 2 

3,917 
3 3 1 . 1  

24,080.5 
1 , 6 1 9 . 0  
2 ,673.3  

6.7 
11.1 
39.22 
5 2 . 6  
28.3 

5 , 8 6 0  
9 .36  10-3 
3.37 10-3 

1.0135 
4,000 

8 2 . 9 1  
10 .66  

4.62 
0.57 
1 . 2 4  

20.0 
8 . 6  

71 .4  

Percen t  D i s t i l l e d  

0.22  
1 . 5 4  
5.33 

1 6 . 5 1  
41.95 
69 .46  
84.57 
92 .61  
97 .41  

100.00 

0.22  
1 . 5 4  
5.33 

1 6 . 5 1  
41.95 
69.46 
84.57 
9 2 . 6 1  
97 .41  
100.00 
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lo 

1.791 0.0 4.87 7.91 
1.115 0.0 7.00 9.37 
1.638 0.0 5.99 9.05 
1.562 2.43 2.W 10.25 
1.486 5.90 0.69 5.42 
1.410 3.60 0.69 6.85 
1.334 4.12 0.57 4.01 
1.238 4.00 0.4 
1.137 1.84 
LO54 1.03 

neasured frm a i r  injecf-on 

I 

82.90 
83.66 
83.32 
78.9 
71.9 
77.3 
82.0 

end 

1- 
h. 

5.50 
6.00 
6.50 
7.25 
8.00 
8.25 
8.50 
9.08 
9.58 

10.08 
10.50 
10.92 
11.58 
12.00 
12.25 
12.95 
13.45 
13.95 
14.47 
14.85 
15.47 
15.92 
16.50 
17.20 
17.47 

Densirg 
g / d ( 2 5  C) 

0.9543 
0.9754 
0.9831 
0.9825 
0.9858 
0.9689 
0.9566 
0.9560 
0.9564 
0.9571 
0.9546 
0.9511 
0.9494 
0.9464 
0.9462 
0.9422 
0.9402 
0.9340 
0.9396 
0.9342 
INSUFP. 
S Y L E S  

v i s c ~ i f ,  
cp* (80% 

39.6 
47.2 

133.6 
98.6 

112.6 
60.95 
14 .8  
19.0 
15.3 
17.9 
16.7 

12.3 

12.0 

8.2 

8.6 
5.7 
5.9 
5.5 

11.5 0.4 4.144 16.2 17.2 66.6 0.9843 136 
11.3 < 0.3 3.725 18.2 17.3 64.5 0.9915 140 
11.6 0 . 5  3.481 21.6 17.8 60.6 1.0064 155 
10.7 ~ 0 . 3  2.921 27.6 16.1 57.3 1.0610 195 

10.3 <0.3 2.227 35.6 5.6 58.8 1.0894 332 
11.0 < 0.3 2.597 1.0339 431 

9.6 c 0 . 3  1.872 41.8 2.9 55.3 1.1102 278 

Ut-% 
C 

82.94 
82.51 
82.20 

82.06 

82.92 

82.60 

82.99 

82.60 
82.11 

yt-I 
€I 

11.6 
12.1 
12.1 

12.3 

12.2 

13.0 

12.5 

13 .3  
13.4 

ut-I 
N 

0 . 3  
0.3 
0.3 

0 .5  

0.3 

0.3 

0.3 

0.3 
0.3 

Ut-% 
S 

4.052 
3.966 
4.253 
4.078 
1NS.S. 
4.039 
3.426 
3.432 
3.213 
3.359 
3.257 
2.991 
2.967 
3.081 
3.010 
2.718 
2.664 
2.462 
2.774 
2.429 
1Ns.s. 

1.02 
1.10 
7.48 

16.63 
10.17 

4.40 

Ut-% 
Amphalteae 

14.8 

16 .7  

15.1 
11.7 
10.9 

9 .4  

9 . 1  

8 . 1  

5 .6  

ut-x 
Disr i l l ed  

17.2 

13.8 

17.0 
17 .3  
26.9 

33.4 

31.2 

27.3 

43.7 

u t 4  
Residue 

68.0 

69.5 

67.9 
71.0 
62.2 

57.2 

59.7 

64.6 

50.7 
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TABLE 6 

S i m u l a t e d  D i s t i l l a t i o n  Da ta  
P e r c e n t  D i s t i l l e d  

Run 1 

Temp. 
O C  

203 
232  
245  
277 
305 
323 
34 5 
368 
391  
414  

P o s i t i o n  i n  Tube * (m) 
1 . 7 9 1  1 . 7 1 5  1 .638  1 . 5 6 2  1 . 4 8 6  1 . 4 1 0  

1 . 9 9  
11 .67  
29.36 
53.48 
7 5 . 0 1  

' 8 9 . 4 1  
96.16 
99 .06  

100.00 
100.00 

1 . 1 7  
8 . 9 5  

25.47 
5 0 . 7 3  
7 4 . 3 9  
89 .59  
96 .40  
9 9 . 1 5  

100.00 
100.00 

0 .92  
6.77 

21 .49  
44 .70  
68 .41  
86 .12  
95.33 
99.16 

100.00 
100.00 

*Pleasured from a i r  i n j  . c t i o n  end. 

TABLE 7 

Simula t ed  D i s t i l l a t i o n  Data 
P e r c e n t  D i s t i l l e d  

Run 2 

Temp. 
OC 

203 
232 
245 
277 
300 
323 
34 5 
368 
3 9 1  
414 

0 . 4 4  0.40 
3.46 5 . 7 4  

1 3 . 3 4  20 .58  
32.97 42.95 
5 9 . 6 1  6 8 . 3 5  
82 .54  8 6 . 6 1  
94.34 95 .09  
98.87 98 .77  

100.00 100.00 
100.00 100.00 

0 .72  
4.67 

15 .95  
37.04 
61.97 
81.77 
93.05 
98.25 

100.00 
100.00 

P r o d u c t i o n  T i m e  (Hours) 
6 .0  7.25 8 .0  8.5 9 . 0 8  10 .92  1 2 . 0  1 2 . 9 5  13.24 
-~ 

4 .74  
18 .56  
13.67 
63 .36  
81 .47  
92.16 
97.13 
99 .26  

100.00 
100 .00  

3.17 
1 5 . 6 6  
38 .06  
67.47 
86 .67  
95.15 
98.22 
99.82 

100.00 
100.00 

2 .75  
1 4 . 2 4  
34.26 
59 .19  
7 8 . 6 2  
90 .81  
96 .80  
99 .20  

100.00 
100.00 

3 .48  
1 4 . 9 0  
33.47 
58.00 
79.97 
92 .41  
97.47 
99.37 

100.00 
100.00 

1 . 0 5  1 . 1 3  
9 .03  8 . 3 3  

25 .38  22 .84  
4 9 . 5 6  44.69 
73.47 68 .98  
89 .07  86.95 
96 .34  95.89 
9 9 . 0 5  99.24 
100.00 100.00 
100.00 100.00 

0 . 7 9  
6 . 5 9  

20.06 
41.74 
66 .48  
85.  50 
95 .27  
98 .89  

100 .00  
100.00 

0 . 3 2  
5 . 5 5  

1 9 . 0 1  
41.42 
65.93 
84.47 
94.57 
98.52 

100 .00  
100.00 

0.38 
4.09 

14.01 
30.68 
54.68 
79.08 
93.53 
98.19 

100.00 
100.00 
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Nit rogen  
Oxygen 
Carbon Dioxide  
Carbon Monoxide 
Methane 
Ethane 
Ethylene  
Propane 
Propylene  

Hydrogen S u l f i d e  
Hyrlrogen 

C 4+ 

TABLE 9 

Gas A n a l y s i s  

Run 1 
Mole-% 

86.5 
0.0 

10.60 
1.93 
0.62 
0.05 
0.05 
0.02 
0.01 
0.20 
0.02 
0.00 
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Run 2 
Mole-% 

87.06 
0.08 
11.47 

1.34 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.01 
0.02 
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FIGURE 2 

Distillation Apparatus 

PIGjRE 3 

TeRperature Profile 
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